Positive control in vitro by gene N protein of bacteriophage X was demonstrated. X DNA was used to direct in vitro synthesis of X endolysin in a cell-free proteinsynthesizing preparation derived from Escherichia coli.
The expression of most of the early genes of bacteriophage X is positively controlled by the protein product of phage gene N. Immediately after infection, messenger RNA synthesis begins at the two early promoters, PL and PR (see Fig. 1 ). In the absence of an active protein specified by phage gene N, this transcription cannot efficiently proceed rightward beyond gene cro (1, 2) (also called tof or fed) or leftward beyond gene N itself (1, 3, 4) . If active N protein is synthesized, transcription that has begun at PL and PR continues past the early termination sites, tL and tR, and makes RNA at a much higher rate in the regions of the genome containing genes for recombination, DNA replication, and structural and lysis proteins. If initiation of transcription at the PL and PR sites is prevented, then expression of distal genes coding for recombination (5) and replication (6, 7) is at best inefficient, even if N protein is supplied by another coinfecting phage. Gene N may, therefore, code a unique kind of positive regulator protein, one that functions by causing extension, rather than initiation, of RNA synthesis. From studies with a transcription terminator protein, p, from Escherichia coli, Roberts (8) has suggested that the N protein may be a transcription antiterminator protein. However, in vitro studies are probably necessary to distinguish among several possible molecular mechanisms (9) .
An additional control system regulates synthesis of phage structural and endolytic proteins. The protein corresponding to phage gene Q elevates the rate of late RNA synthesis (2, 10, 11) by causing new initiation of transcription (12) (13) (14) at a phage late promoter located between genes Q and S (15, 16) . Although phage late genes have generally been considered to be under the positive control of gene Q (11, 17, (2, 10, 11) and proteins (17, 18) . The residual amounts of late synthesis require gene N (2, 14, 19) and are a consequence of read-through by RNA polymerase molecules that have initiated synthesis at the early promoter PR (19) . A phage-coded endolysin, the product of gene R, is an endopeptidase specific for a peptide bond in bacterial murein (20) . The synthesis of endolysin, a late protein, is partially blocked by a Q-defect and entirely blocked by an N-defect (17, 18) . Mutants of phage X that bypass the requirement for N gene function for growth have been isolated (21) (22) (23) . The locations of these cis-acting mutations suggest that there are at least two sites that require N protein action, one in the region of genes cro and 0 and the other between genes P and Q (see Fig. 1 (24) .
In Vitro Protein Synthesis. Conditions for DNA-dependent in vitro protein synthesis have been described (24) . Reaction volumes were 100 ,A and contained 44 11 Mg/ml of p-aminobenzoic acid. To these were added an appropriate amount of DNA and about 6 mg/ml of protein from an S-30 extract of E. coli. The mixture was incubated for 60-90 min at 370 with gentle shaking. The S-30 extract was prepared by alumina grinding, followed by centrifugation, incubation, and dialysis (24) .
Endolysin was assayed by the procedure of Dambly et al. (12) . To each 100 MAl of reaction mixture for protein synthesis, treated with 1 ug of deoxyribonuclease to solubilize material precipitated during the reaction, was added 1 ml of EDTAsensitized whole E. coli cells. The OD600 was then read at 1-to 2-min intervals for 10 min on a Zeiss spectrophotometer. From each OD reading was subtracted a constant OD caused by the sample being assayed and cells resistant to lysis. The resulting OD values were plotted as a function of time on semilogarithmic paper, and the slopes were calculated. The slopes represent rates of lysis of the sensitized cells and are, therefore, a function of the amount of endolysin present in the assay reaction. The reaction rate is nonlinear with endolysin concentration, but it can be used to estimate amounts of endolysin in the range of 1010 to 2 X 1011 molecules, corresponding to values of the slope Alog OD600/At in the range of 0.01-0.15 per min. The cells spontaneously lyse in the absence of endolysin at a rate of about 0.005/min.
The substrate E. coli cells were grown in 50 ml of YT (5 g of NaCl, 5 g of yeast extract, and 8 g of tryptone per liter of distilled water) at 370 to an OD550 of about 1.0. The cells were centrifuged at 40, suspended in 20 ml of 0.1 M Na-EDTA (pH 8.0) for 5 min at room temperature, then centrifuged again and suspended in about 40 ml of 10 mM potassium phosphate (pH 7.0). The sensitized cells were kept on ice and used for up to 8 hr after their preparation.
Preparation of an Extract for N Protein Assay. Cells of the appropriate strain were grown at 340 to an OD550 of 1.0 in 2X YT medium (5 g of NaCl), 10 g of yeast extract, and 16 g of tryptone per liter of distilled water). The culture was shaken vigorously for 10 min at 420 and then mixed with sufficient crushed ice to lower the temperature below 40 within a few seconds. The cells were harvested by centrifugation and suspended in 10 mM Tris-acetate (pH 8.1 at 40), 0.3 M KAc, 10 mM Mg(Ac)2, 5 mM Na-EDTA, 10 mM 2-mercaptoethanol, and 100 Mug/ml of phenylmethyl sulfonyl fluoride (about 2 ml/g of cell pellet). The suspension was sonicated about 10 sec on ice with a setting of 1.0 amp on an MSE sonicator. Cell debris was removed by centrifugation, and the supernatant was dialyzed 1.5-2 hr in no. 20 tubing against 10 mM Tris-acetate (pH 8.1 at 4°)-0.1 M KAc-1 mM Na-EDTA-10 mM 2-mercaptoethanol. The dialyzed supernatant was then used for protein determination and assay of N protein. X13 is a mutation, probably in the promotor PR, that prevents rightward transcription. The deletion designated A(cro-J) in the diagram is the deletion Hi; it extends beyond the right attachment site of the prophage and into E. coli DNA. The end-points of the biotin deletions are positioned according to the data of Signer et al. (32) . A more complete exposition of the position and functions of the genes of phage X, including a list of original references, can be found in ref. 44 .
RESULTS AND DISCUSSION
The expression of gene R of phage X is subject to the positive controlling influences of phage genes N and Q (17, 18) . In order to study this regulation, I attempted to synthesize the X endolysin using the cell-free DNA-dependent protein-synthesizing preparation developed by Zubay and his collaborators (24) . A typical reaction contains salts, amino acids, nucleotide triphosphates, an energy-generating system, excess transfer RNA, an extract derived from E. coli after cell disruption and low-speed centrifugation, and phage X DNA as template. The preparation has already been used to synthesize f3-galactosidase (24) , iribulokinase (25, 26) , and galactokinase (27) , and to study some of the gene-regulating actions of the lactose repressor (24), the catabolite activator protein (27, 28) , the iarabinose gene C activator protein (25) , and the tryptophan repressor (29) .
In vitro synthesis of N protein and endolysin It is possible to synthesize X endolysin in vitro with an essentially wild-type phage DNA as template (see Table 1 ). The endolysin synthesis is DNA-dependent (compare the first and last lines in each experiment in Table 1 ) and can be prevented by inclusion of either chloramphenicol or rifampicin in the reaction (data not shown). The numbers shown in Table 1 represent the rates of lysis of suspensions of EDTA-sensitized whole E. coli cells used as the substrate for the endolysin reaction.
The question then arises: does the observed endolysin synthesis in vitro result from an entirely aberrant, unphysiological mechanism, or is it a result of the action of a phage positive regulator protein, itself synthesized in the in vitro synthesis reaction? To answer this question I made tests of preparations of XR-, XQ-, and XN-DNA. The results, also shown in Table 1 , indicate that neither XN-DNA nor XR-DNA is, by itself, capable of stimulating significant endolysin synthesis, but a mixture of the two is almost as good as wildtype DNA. Neither template used in these experiments could have been badly degraded during its preparation since each is capable of supplying a protein necessary for the ultimate appearance of cell-lysing activity. Because XR-DNA does not work, that activity detected in the whole cell assay must be the gene R endolysin. Because XN-DNA does not work unless a wild-type N function is supplied by another template, N function is required in vitro for endolysin synthesis to occur. Just as it is in vivo, endolysin synthesis in vitro is under the positive control of phage gene N.
XQ-DNA is about as effective as wild-type DNA in stimulating in vitro synthesis of endolysin (see Table 1 ). The endolysin synthesis stimulated by N protein is, therefore, probably a result of read-through by RNA polymerase molecules that have initiated synthesis at a site other than the phage late promoter. An analogous read-through process occurs in vivo in the absence of Q gene function (19) and, consistent with this analogy, concentrations of purified phage X repressor that do not reduce g3-galactosidase synthesis from the template XplaC5 reduce endolysin synthesis tenfold in the same reaction (data not shown).
Detection of N protein made in vivo
Cell-free synthesis of endolysin requires the concomitant in vitro synthesis of active N protein. In theory, an equivalent situation could be set up by addition of N protein made in vivo to an in vitro reaction primed with XN-DNA. I tested this hypothesis by using, as an in vivo source of N protein, an E. coli strain lysogenic for the heat-inducible prophage, XCI857X13 (Table 2) . Clearly, endolysin is made in the presence of both XN-DNA and some extract derived from an induced XCI857X,3 lysogen. RNA and protein synthesis are required because rifampicin or chloramphenicol block the appearance of cell-lysing activity. The added extract does not simply complement something made by the XN-DNA; it must directly stimulate the XN-DNA to synthesize endolysin because the extract is ineffective when added after the protein synthesis reaction but before the endolysin assay (last entry of Table 2 ).
The mutation, X13, is located in or near the rightward promoter PR (30) and prevents all rightward transcription (2) . As a result, the phage used as a source of N protein could not replicate. The amount of unreplicated X DNA present in the added extract is less than 1% of the amount of purified XR-DNA that is necessary to add to a reaction primed with XN-DNA in order to produce an equivalent stimulation of endolysin synthesis ensuring that the in vitro preparation would detect only N protein made in vivo and not N protein made in vitro from DNA bearing a wild-type N gene. The X13 mutation also completely prevented in vivo endolysin synthesis; consequently, no endolysin activity was detected if XN-DNA was omitted from the reaction (see Table 2 ). Therefore, an activity made in vivo acts just like N protein made in vitro to stimulate XN-DNA to synthesize endolysin.
Is the stimulating activity made in vivo the product of gene N?
Several different prophages were examined for their ability to produce upon induction an activity able to stimulate XN -DNA to synthesize endolysin. Phage XC1857X13, which transcribes only those genes in the leftward operon beginning at PL (2), makes this activity (Table 2 and Fig. 2) . That all genes to the right of cro are dispensable was confirmed by a check of XCIG57 prophages containing the deletion Hi. This deletion extends from a site within the cro gene rightward to a site outside the prophage map (30) . The Hi deletion strains that were tested also contained biotin deletions (31, 32) removing some or all of the prophage genes to the left of N (see Fig. 1) .
The results are shown in Fig. 2 . A heat-inducible prophage containing the deletions Hi and bio247 makes about as much stimulating activity as XCI857X]3. Of all the known X genes this prophage contains only CI, rex, and N. The genes CI and rex are expressed constitutively in a lysogen (33, 34) , and their transcription and translation decrease after heat inactivation of a Cl857 repressor (35, 36) . Since the stimulating activity is made only after, and not before, induction (see Table 2 ), it cannot be the product of either of the genes CI or rex. It follows that, if the stimulating activity is coded by a known X gene, it must be coded by gene N. Consistent with this notion, the prophage XCI857N7N53X13, containing two amber mutations in gene N (37) , makes no stimulating activity after induction (Fig. 2) .
A prophage carrying the deletion bio2f6 produces no more than 2%o the amount of stimulating activity made by XC18s57-X13 (Fig. 2) . Xbio256 is a plaque-forming phage (32), but phage X will form plaques even if it can make only a small fraction of its normal amount of gene N protein (38) . In fact, Xbio256 makes a smaller plaque than almost all other nondefective biotin transducing phages (32) . Furthermore, Xbio256 fails to grow on an E. coli with an RNA polymerase P gene mutation, ron, upon which several other gene N mutants, able to plate on wild-type E. coli, cannot grow (39) . Lastly, Xbio25w appears to be deficient in N activity when checked by a genetic complementation assay (Inokuchi, Franklin, and Dove, quoted in ref. 39) . The fact that Xbio256 produces very little stimulating activity in the assay described here is consistent with all this data, and also with the hypothesis that the bio2,% deletion may remove the promoter-distal end of the N gene. Therefore, the results obtained from prophage deletions and point mutations in gene N make it very likely that the stimulation assay described here is an assay for the product of gene N.
Purified phage X repressor inhibits the ability of N protein to stimulate endolysin synthesis on XN-DNA ( Table 2 ). The amount of X repressor used in this experiment does not inhibit in vitro synthesis of fl-galactosidase on either of the templates Xplac5 or Xh80dlac. Provided that the action of X repressor is specific at the X operators, this experiment agrees with many in vivo experiments that suggest that N protein cannot efficiently cause de novo initiation of synthesis, but can only aid the extension of synthesis that had originally initiated independently of N action of the promoter PR (6, 7, 19) . Adenosine 3': 5'-cycic monophosphate has no effect at all on in vitro synthesis of endolysin, even when the template used is Xh80dlac DNA and fl-galactosidase synthesis is stimulated 20-fold in the same reaction (data not shown). It similarly has no effect when the source of N protein is exog- enous and the template used is XN-DNA (Table 2 ). These observations are consistent with the fact that phage X grows in strains of E. coli with mutations in catabolite activator protein and adenylate cyclase (40) .
In results to be described elsewhere, I have used this assay to demonstrate that N protein synthesis in vivo is under the control of the cro gene and to confirm that N protein is metabolically unstable (41) (42) (43) . I have also used the assay to guide a purification of the N protein and to begin studies on the mechanism of action of a unique positive regulator.
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